INTRODUCTION
Evolving debate over the magnitude, style, and timing of Cenozoic extensional tectonics in the Basin and Range province centers on the identification, correlation, and reconstruction of preextensional markers, such as isopachs, facies trends, thrust faults, and paleoisothermal surfaces (e.g., Snow, 1992) . The extreme extension suggested by many of these reconstructions is a starting assumption for physical models bearing on the bulk constitutive properties of the deep continental crust (e.g., Kruse et al., 1991; Wdowinski and Axen, 1992) . In addition, a large fraction of PacificϪNorth America plate motion is absorbed within the Basin and Range, and therefore regional kinematic analysis is fundamental to the problem of how plate motion influences continental deformation (e.g., Atwater and Stock, 1998; Wernicke and Snow, 1998) . This type of analysis is particularly germane to the central Basin and Range (near the latitude of Las Vegas; Wernicke, 1992) , where determination of the Neogene motion of the SierranϪGreat Valley subplate relative to the Colorado Plateau is possible via reconstruction of a wealth of stratigraphic and structural markers spanning the entire province Dickinson and Wernicke, 1997) .
One reconstruction of such an array of regional markers in the central Basin and Range suggests 250 km of west-northwest motion of the southern Sierra Nevada relative to the Colorado Plateau since ca. 16 Ma Snow, 1992) . The largest proposed offset of a specific geologic feature in that reconstruction, and to our knowledge, anywhere in the Basin and Range, is based on the correlation of the Panamint thrust at Tucki Mountain with the Chicago Pass thrust in the NopahϪResting Spring Range area, indicating about 92 km of west-northwest separation of the two ranges (Fig. 1) . The PanamintϪChicago Pass correlation (Wernicke et al., , 1993 was initially implied by Stewart's (1983) reconstruction of isopachs and facies trends of pre-Mesozoic formations in the region, which closely juxtaposed Tucki Mountain and the Resting Spring Range. This reconstruction was later supported by correlations of a suite of three contractile structures immediately to the west in the Cottonwood and Funeral Mountains, respectively ( Fig. 1 ; Snow and Wernicke, 1989; Snow, 1992) .
The main issues arising from these studies are (1) the accuracy of the reconstruction based on isopachs (Prave and Wright, 1986; Snow and Prave, 1994) , (2) the validity of the structural correlations (e.g., Corbett, 1990; Stevens et al., 1991 Stevens et al., , 1992 Stone and Stevens, 1993; Serpa and Pavlis, 1996) , and (3) the timing of extension. The age and distribution of Neogene sedimentary rocks between Tucki Mountain and the Resting Spring Range suggest that any extreme extension across much of this area was pre-8 Ma and possibly much older (Wright et al., 1991 .
Because the Tertiary strata in the region are discontinuously exposed and change facies and thickness over short distances, opportunities to use them as structural markers in large-scale reconstructions are comparatively rare. However, because of this variability, the identification of key elements in widely separated areas may help determine the geometry and kinematics of Cenozoic deformation (e.g., Reynolds and Spencer, 1985; Rowland et al., 1990; Topping, 1993) . For example, in the Death Valley region, stratigraphic details of ca. 10 Ma volcanic successions in the Panamint and Black Mountains suggest at least 25 km of west-northwest extension between these two ranges since that time (Fig. 1; McKenna and Hodges, 1990) . Fragments of a middle to late Miocene (ca. 12-7 Ma) basin discontinuously exposed across the southern Black Mountains area contain coarse detritus, including landslide megabreccias, apparently derived from both the northern Kingston Range and the southernmost Panamint Mountains ( Fig. 1) , suggesting ϳ70 km of separation between the two ranges since ca. 8 Ma (Topping, 1993) .
Here we describe Tertiary strata that unconformably overlie Cambrian strata on the east side of the Resting Spring Range and on the southern end of Eagle Mountain. These strata are herein correlated and named the Eagle Mountain Formation (Figs. 1 and 2). These strata contain conglomerates derived in part from the Hunter Mountain area in the southern Cottonwood Mountains, more than 100 km west-northwest of Chicago Pass (Fig. 1) . As elaborated below, if deposition proximal to source could be demonstrated, it would bear strongly on the isopach-based reconstruction, correlation of the Panamint and Chicago Pass thrusts, and the timing of extension. ϳ300 m of late Tertiary conglomerate, sandstone, siltstone, limestone, and tephra dipping ϳ45Њ east (Figs. 2 and 3; Appendix 1). Due to the good exposure and ease of accessibility (Ͻ1 km north of California State Highway 127), we designate this section as the type locality of the Eagle Mountain Formation.
The section comprises two main units, a lower unit of monolithic, locally derived conglomerate and breccia, and an upper unit of mainly sandstone and conglomerate containing a wide variety of clast types that are exotic to the local bedrock. The lower unit is 106 m thick and composed almost entirely of angular to subrounded clasts of the underlying Bonanza King Formation (Figs. 2 and 3; map unit Te1, Appendix 1, Eagle Mountain section, unit 1). It is poorly sorted, structureless, and generally clast supported. Clast imbrication was not observed. At one locality, a lens of tephra deposited within the conglomerate is present.
The 200-m-thick upper succession includes, in order of decreasing abundance, sandstone, conglomerate, siltstone, silicic tephra, and limestone (Figs. 2 and 3; map unit Te2, Appendix 1, Eagle Mountain section, units 2-32). The sandstones are feldspathic wackes that form resistant ledges (Fig. 4A ) and weather a distinctive grayish-orange to moderate yellowish-brown (10YR 5-7/4). Detrital components in sandstone near the base of unit Te2 include 40% quartz; the remainder comprises subequal amounts of feldspar and carbonate lithic grains. The matrix composes 15%-20% of the rock and includes both clay and carbonate cement. The sandstones form planar beds 0.5Ϫ1 m thick. The bases of many of the sand beds are channeled (Fig. 4B ), but in general individual beds can be traced laterally for tens to hundreds of meters. In the lower part of the section, below a thick conglomerate (unit 17, Fig. 2 ; Appendix 1), the sandstones are generally granular, whereas above the conglomerate they are finer grained. Commonly, a single sandstone bed may contain multiple horizons of angular to subrounded pebbles.
Cross-stratification in the sandstones is common but subordinate to parallel laminae. In the lower part of the section, below unit 17, local sets of 10-30-cm-thick, mostly planar, steep (10Њ-30Њ) cross-laminae occur within conglomeratic and granular sandstones. Some of these sets terminate laterally with troughlike erosional bases into parallel-laminated sand. Above unit 17 numerous broad troughs with erosional bases are present that also contain relatively steep (10Њ-30Њ) planar laminae. In both cross-laminated and planar-laminated sands, small-scale ripple laminae commonly occur in the uppermost parts of a given bed (Fig. 4A) , and in some cases the entire bed is ripple laminated.
Massive, parallel, and locally cross-bedded conglomerate occurs throughout the section (Fig. 4, C and D) , and is variably clast or matrix supported. Bedding ranges from Ͻ1 m to 20 m thick ( Fig. 4E ; unit 17, Fig. 2 ; Appendix 1). Clasts range from angular to well rounded, and the beds are usually poorly sorted and contain a moderate to large fraction of sand on March 22, 2010 gsabulletin.gsapubs.org Downloaded from ( Fig. 4C ). Sandy portions of the conglomerate show alternating cycles of coarse, massive to parallel-laminated sandstone and pebble and/ or cobble conglomerate, each cycle being ϳ20-30 cm thick (Fig. 4C) . The coarsest clasts are predominantly leucomonzogabbro (Fig. 4D ), which have a mean clast diameter of ϳ15 cm; the largest clasts are Ͼ50 cm. Clast imbrication is locally present, especially near the top of conglomerate beds (Fig. 4 , B and C), but in general the conglomerates are not well imbricated (Fig. 4, D 
and E).
Parallel-laminated siltstones (Fig. 4F) are common in the lower two-thirds of map unit Te2. A number of thin, discontinuous laminated limestones are found in the upper third.
Resting Spring Range
Moderately to steeply east dipping sandstones and conglomerates similar to those at Eagle Mountain also disconformably overlying Cambrian strata, are exposed in patches along the eastern flank of the Resting Spring Range for an along-strike distance of at least 12 km (Burchfiel et al., 1983) . They were previously referred to informally as the Chicago Valley beds (Burchfiel et al., , 1983 , and on the basis of the stratigraphic descriptions and radiometric ages provided below are here correlated with the Eagle Mountain Formation.
The best-exposed sections are east of Baxter Mine, where steeply east dipping Neoproterozoic and Cambrian strata are unconformably overlain by Tertiary strata that dip 50Њ-60Њ east, nearly the same as the underlying Cambrian rocks (Fig. 5) . They are poorly resistant and not well exposed, except in a few isolated gullies incised through Quaternary deposits along the eastern piedmont of the range (Fig. 5) . Predominant rock types, in order of decreasing abundance, are conglomerate, sandstone, limestone, silicic tephras, and siltstone ( Fig. 2 ; Appendix 1; Wilhelms, 1962; Burchfiel et al., 1982) .
In the two most complete exposures, a southern section along the Baxter Mine Road and a northern section 0.8 km to the north (Fig. 5) , the sandstone and conglomerate are in depositional contact with adjacent Lower Cambrian strata, but differ markedly. The southern section (map unit Te1, Figs. 2 and 5; Appendix 1, stratigraphic units 1-4) is at least 140 m thick, and consists almost entirely of conglomerate with a prominent tephra halfway up the section. The northern section ( Fig. 5 ; map unit Te2, Appendix 1, units 1-25) consists of 100 m of grayish-orangeϪweathering sandstone, pebbly sandstone, and siltstone, as well as prominent boulder conglomerate beds and several thin tephra horizons. Isolated exposures of unit Te2 to the east of unit Te1 suggest that the northern section is younger, and erosionally truncates the southern section from south to north (Fig. 5) .
Basal strata of the southern section appear to be locally derived, and include clasts of Cambrian miogeoclinal clastic and carbonate strata. However, above the tephra horizon it contains a substantial percentage of younger clasts, including Ordovician orthoquartzite, Devonian limestone, and Tertiary conglomerate. Clasts are poorly sorted. The coarsest clasts in any given bed range from 20 cm (Fig.  6A ) to as much as 70 cm. Rounding varies from subangular to rounded. Most of the deposit is either massive or poorly stratified, alternating between bouldery and pebbly horizons at a scale of 20-30 cm (Fig. 6A ). Clast imbrication is locally observed (Fig. 6A) , but not pervasive.
The northern section ( Fig. 5 ; map unit Te2) Notes: For each sample, our interpretation of the best apparent age is the isochron age. Entries in the total gas age column were calculated following the method outlined by McDougall and Harrison (1988) . The percentage of the total 39 Ar in a given sample that was released in the heating steps included in the plateau is shown in the column labeled 39 Ar p . Isochron ages were calculated from laser fusion data using least-squares linear regression with correlated errors (York, 1969 40 Ar may account for the discrepancy between the total gas and isochron model ages of sample 1593. See Figure 9 and text for further discussion. Inverse isochron analysis of sample 1593 (Fig. 9) includes a lower, sand-rich part (stratigraphic units 1-10, Appendix 1) about 30 m thick, and an upper part containing boulder conglomerates. Throughout the northern section, sandstones form ledges 0.5-2.0 m thick, and weather a distinctive grayish-orange to pale yellowish-orange (10YR 7/4 to 10YR 8/6). They are medium-to coarse-grained, angular to subrounded, feldspathic wackes, commonly containing subangular to subrounded pebbles. Detrital components from unit 2 (Appendix 1) include 50% angular plagioclase and 25% each quartz and carbonate grains (Fig. 6B) . The matrix comprises 15%-25% of the rock, and contains both clay and carbonate cement. Bedding is generally either massive or parallel laminated, and includes ripple laminae near the tops of some beds. In the lower part, pebbles are derived from the local bedrock. Although the area of outcrop is not large enough to determine the lateral persistence of individual sand beds for more than 10-20 m, no terminations or truncations of individual beds were observed.
At about 46 m up from the base of the section, a bed of very coarse boulder conglomerate and four higher coarse-boulder beds are composed of abundant monzogabbro and other clast types exotic to the local bedrock and devoid of Cambrian clasts. Clasts generally range from 30 to 70 cm in diameter, but are locally Ͼ1 m in maximum dimension (Fig.  6C ). The conglomerates are clast supported, poorly sorted, contain a substantial portion of sand, and are generally more rounded than those in the southern section (subrounded to well rounded, versus subangular to rounded). Limestones and tephras (e.g., Fig. 6D ) are found throughout the section.
DEPOSITIONAL ENVIRONMENT AND FACIES ASSOCIATIONS

Eagle Mountain
We interpret the Eagle Mountain Formation at the type locality to be divisible into six main facies: (1) massive, locally derived conglomerate and breccia; (2) thick, sand-rich, massively bedded pebble to boulder conglomerate (Fig. 4 , B, D, and E); (3) parallel-bedded granular sandstone and conglomerate (Fig.  4C) ; (4) planar and cross-bedded sandstone and pebbly sandstone (Fig. 4A) ; (5) parallellaminated siltstone and fine sandstone (Fig.  4F) ; and (6) limestone. We infer depositional environments by examining each facies and their possible associations.
The conglomerate and breccia facies composes unit Te1 (Fig. 3) . On the basis of the angularity of clasts, local provenance, lack of bedding, and lack of matrix we interpret these as rock avalanche deposits.
The massive conglomerate facies occurs in the lower part of unit Te2 (Fig. 3) , and is predominantly clast-supported pebble to boulder conglomerate. We interpret these deposits as noncohesive debris flows (e.g., Blair and McPherson, 1994) , on the basis of the lateral continuity of individual units, coarseness, poor sorting, thick, massive bedding, angularity of clasts, and lack of a clay-rich matrix.
The granular sandstone and conglomerate facies also occurs in the lower part of unit Te2, and consists of vertically alternating pebble to cobble conglomerate and granular sandstone. On the basis of the regularity of the vertical cycles, thickness of each cycle in the 20 cm range, grain size alternating between granular sand and pebble to cobble gravel, parallel bedding, and unimodal upper flow regime sedimentary structures (discussed below), we interpret these deposits as sheetflood couplets (cf. Fig. 4C with Fig. 11A of Blair, 1987, or with Fig. 18 , A-E, of Blair and McPherson, 1994) .
The sandstone and pebbly sandstone facies occurs as relatively gravelly deposits below unit 17, and as predominantly sandy deposits above. We interpret this facies as either a sandskirt facies of sheetflood deposits, or as relatively tabular fluvial braidplain deposits, on the basis of lateral continuity of bedding, alternation between pebbly sandstone and sandstone deposition within individual beds, and planar and trough cross-bedding. On the basis of paleoflow directions, the lower deposits are most likely the former, and the upper deposits the latter (see below).
The siltstone and fine sandstone facies occurs as a relatively thick unit at the bottom of unit Te2 (Fig. 3) and as a relatively thin horizon about two-thirds of the way upsection. On the basis of fine grain size, lack of mudcracks or evaporitic horizons, and a lack of current-derived sedimentary structures, we interpret this facies as lacustrine.
The limestone facies occurs in a number of thin, discontinuous beds in the uppermost part of the section. The limestones are micrites with algal laminae, and locally contain lenses of rippled fine sandstone. A lack of mud and organic material, as might be expected in a paludal environment, suggests that they are lacustrine.
The association of facies 1-3 suggests that most of the Eagle Mountain Formation was deposited on an alluvial fan (e.g., Rust and Koster, 1984; Blair and McPherson, 1994;  Dorsey and Roberts, 1996) . The upward progression from rockfall and/or rockslide to debris flow, sheetflood, and sandskirt facies is consistent with a depositional system that evolved from a relatively small drainage area to a larger one, and is consistent with upward change in clast derivation from local bedrock to a more distal source. Facies 4 is more likely the result of braidplain deposition by ephemeral streams. This facies may represent a transition from locally derived rock avalanche and alluvial fan deposits to more distally derived alluvial fan or fluvial deposits as the local drainage basin was integrated into a larger and more organized depositional system. That the siltstone and limestone facies occur throughout the upper part of the section suggests that the depositional system fed into a lake for much of its later history.
Resting Spring Range
The facies associations in the Resting Spring Range are less well defined than those at Eagle Mountain, owing to the relatively limited outcrop. Overall, the rock types in the two sections are similar, and the progression from a locally derived conglomerate to a sandrich succession containing a similar set of exotic clasts is well defined in both areas. However, the facies within each of these subdivisions differ, as might be expected. We recognize five principal facies in the Resting Spring Range, including (1) locally derived conglomerate (Fig. 6A) , (2) sandstone and pebbly sandstone (Fig. 6B) , (3) leucomonzogabbro conglomerate (Fig. 6C) ; (4) laminated siltstone, and (5) limestone.
The locally derived conglomerate facies makes up the entire southern section (map unit Te1, Fig. 5 ), except for the tephra horizon midway upsection. In units both above and (Fig.  6A) , whereas other parts of the section are massively bedded. Although the conglomerates show local imbrication, it is not a hallmark of this facies association. This characteristic and the lack of definable bedding surfaces, the gradational alternation between pebble-and boulder-size material, and the lack of sandstone or finer materials suggest deposition as either noncohesive debris flows or coarse sheetfloods.
The sandstone and pebbly sandstone facies is predominant in the northern section (map unit Te2, Fig. 5 ), and resembles facies association 4 at Eagle Mountain. Hence we interpret them as sandskirt deposits related to sheetflooding or fluvial deposition.
The monzogabbro conglomerate facies comprises mainly clast-supported boulder conglomerate occurring in 1Ϫ3-m-thick, massive, structureless beds with little evidence of imbrication or other internal structure. In contrast with the two conglomerate facies in the upper part of the section at Eagle Mountain, no well-defined sheetflood couplets are present (although exposure is generally not sufficient to demonstrate it). Coarse monzogabbro clasts (30Ϫ100 cm) compose approximately half the deposit, but no single bed is as thick as 20 m, as at Eagle Mountain. On the basis of the poor sorting, very coarse grain size, lack of internal structure, and clast support, we interpret these conglomerates as a result of noncohesive debris flows.
The siltstone facies occurs as thin interbeds with the sandstone and monzogabbro conglomerate facies in the middle third of the northern section. Although thin and generally not well exposed, we interpret them as lacustrine.
The limestone facies does not occur in the measured sections, but limestone beds are prominent in quarries exposed along strike a few hundred meters to the south of the southern section. They are similar to the limestones in the Eagle Mountain section, and we similarly interpret them as lacustrine.
As in the case of the Eagle Mountain section, when viewed as a whole we interpret facies 1-4 to represent deposition on an alluvial fan, and units 5 and 6 to represent deposition in an adjacent lake that existed in late Te2 time.
DEPOSITIONAL PALEOSLOPE
Although the sandstones and conglomerates throughout both sections generally exhibit parallel or very low-angle cross-lamination and the conglomerates are generally not well imbricated, both high-angle cross-stratification and imbrication occur locally. We measured the orientations of 18 well-defined a-b plane fabrics from conglomerates in the lower and middle parts of unit Te2 on Eagle Mountain, from 18 localities evenly distributed across the area of exposure. The orientations define a unimodal population that dips to the southwest (Fig. 7A) . We also measured the orientations of high-angle cross-laminae in strata assigned to facies 4, which yielded two contrasting populations. The first is recorded in the coarser sandstones below the unit 17 conglomerate. With few exceptions, they define a unimodal population with the cross-laminae dipping southwestward (Fig. 7B ). The second, recorded in the finer grained sandstones above unit 17, is bimodal, one population dipping northeastward, and a slightly smaller population dipping southwestward (Fig. 7C ). There is no systematic relation between stratigraphic position and the orientation of cross-laminae within the upper portion of unit Te2. Examples were observed where both dip directions were recorded in the same bed (Fig. 8A) .
Paleocurrent directions in the lower portion of unit Te2 can be determined from two separate paleocurrent indicators. The south-southwest dip of imbricated clasts indicates northnortheastward paleoflow (Fig. 7A ). The southwest-dipping cross-laminae in sandstones interstratified with the conglomerates are difficult to interpret as foreset laminae, because it would require oscillating depositional paleoslope in units 3Ϫ17. Cross-stratification resulting from antidune migration is generally thought to be low angle (Ͻ10Њ) and difficult to preserve (e.g., Middleton, 1965; Blair and McPherson, 1994) , but compelling flume-generated and natural examples of high-angle (20Њ-25Њ) backset laminae have been described (Jopling and Richardson, 1966; Power, 1961; Hand et al., 1969) . These natural examples of upstream-dipping cross-laminae generally occur in much coarser material than in flume experiments (e.g., granular sandstone and conglomerate), and share sedimentologic characteristics similar to those observed at Eagle Mountain, including coarse, wedge-shaped backset laminae that fine upward, and imbricated clasts that dip in the same direction as the backset laminae (Hand et al., 1969; cf. Fig. D in Power, 1961, with Fig. 8B) . We therefore interpret the paleoflow of the lower Te2 sandstones at Eagle Mountain to be north-northeast directed.
The bimodal distribution in the upper sandstones, above the unit 17 conglomerate (Fig. 2 ), contrasts markedly with the lower sandstones. Because the two sets are cospatial, and in several places both orientations were observed within the same set of laminae, we interpret them as trough cross-strata. A method for determining the trough axis from bimodal trough cross-laminae (DeCelles et al., 1983) indicates that the trough axes at Eagle Mountain generally trend east-west (Fig. 7C) . The trough axis plunges shallowly to the east-southeast (ϳ3Њ), suggesting easterly flow, but this depends critically upon the accuracy of our rotation of the data to paleohorizontal. However, an easterly flow direction is far more likely than a westerly direction because the source region for Te2 conglomerates is to the west.
The apparent 90Њ change in paleoflow direction from north-northeast to east-southeast coincides stratigraphically with an overall change in depositional environment from an alluvial fan setting in Te1 and the lower part of Te2, to a braidplain setting in the upper part of Te2. Such a change would be expected as localized depocenters dominated by transverse depositional systems (fans) evolve into an integrated drainage system dominated by longitudinal transport (e.g., Bachman and Menhert, 1978; Fig. 4 in Leeder and Gawthorpe, 1987) .
AGE
40
Ar/ 39 Ar dating was attempted on seven tephra samples, four of which yielded interpretable age information (Table 1) , including two samples from Eagle Mountain (EM-0 and EM-4) and two samples from the Resting Spring Range (1593 and 1893; Data Repository Tables DR1ϪDR13  1 ) . Sample 1893 yielded information relevant only to the provenance of the tephra and is discussed in the next section. The stratigraphic positions of the other three samples are shown in Figure 2 . Complete analytical data are listed in Tables  DR2ϪDR10 (see footnote 1) , and analytical methods are described in Appendix 2.
The results of the 40 Ar/ 39 Ar analyses are summarized in Table 1 Table DR5 ; see footnote 1). Isochron ages for these two samples are 13.4 Ma and 11.6 Ma ( Fig. 9) , concordant with two-step resistance furnace analyses of the bulk separates (Table  1; Tables DR3 and DR6 ; see footnote 1). We interpret the isochron ages as the best estimate of the eruption ages of these two samples.
Sample 1593, from the Resting Spring Range (from the middle of unit Te1), yielded slightly more scattered laser-fusion ages averaging 15.2 Ma (Table DR8 ; see footnote 1). Inverse isochron analysis of sample 1593 (Fig. 9) Although the isochron ages for both nonradiogenic end members found in sample 1593 are equivalent within uncertainty, we have chosen the isochron age corresponding to an initial 40 Ar/ 36 Ar of 299 as the best estimate of the eruption age. We therefore interpret the age of sample 1593 to be 15.0 Ma.
A younger limit on the age of the Eagle Mountain Formation in the Resting Spring Range is provided by gently dipping ash-flow tuffs that are separated from the underlying steeply dipping Cambrian strata by an angular unconformity . A K-Ar age of 9.6 Ma for these units was reported by Wright et al. (1991) . We conclude from these data that the Eagle Mountain Formation is middle Miocene, and that deposition was relatively slow and continuous from 15 to 11 Ma.
PROVENANCE Sedimentological Evidence
Although the lower portions of both the Resting Spring Range and Eagle Mountain sections appear to be derived from the local bedrock of the Resting Spring Range and Eagle Mountain, respectively, the upper portions of both sections contain a more diverse clast assemblage that in some cases excludes rock types from the underlying bedrock (Table 2) .
The most distinctive of the exotic clasts, a coarse leucomonzogabbro, does not have a source anywhere in the eastern Death Valley region. Most of these clasts are a plagioclase porphyry containing phenocrysts 4-8 mm long in a fine-grained groundmass of anhedral (secondary?) potassium feldspar and plagioclase with minor quartz. Mafic minerals vary in abundance from 11% to 18%, and occur in distinctive clusters of clinopyroxene and biotite, with lesser hornblende and olivine (Fig.  6F) .
Other distinctive clast types found at both localities include wackestones, packstones, and grainstones composed of large (3-6 mm) fusulinids of Permian age (C.A. Stevens, 1994, oral commun.) , crinoidal grainstones of probable Carboniferous age, white orthoquartzite, marble, altered intermediate (?) volcanic rocks, and gray sucrosic dolostones (Table 2). The Resting Springs Range section also contains clasts of micrite with large spiriferid brachiopods of probable Devonian age, calcsilicate hornfels, and basalt ( Table 2) .
The Cottonwood Mountains were recognized as a possible source terrain for these conglomerates by Wilhelms (1962, p. 117) on the basis of the occurrence of monzonitic plutons there, but he indicated that a precise locale had not been found. A specific area with the requisite characteristics to be the source region is the eastern edge of the Hunter Mountain batholith in the southern part of the Cottonwood Mountains (Figs. 1 and 10) .
The interior of the batholith is a fine-to medium-grained leuco-quartz monzonite (Table 3) with an intrusive age between ca. 165 Ma (K/Ar hornblende, Burchfiel et al., 1970) and 156 Ma (K/Ar biotite and hornblende, Burchfiel et al., 1970 ; U/Pb zircon, J. Chen, 1997, oral commun.; Fig. 10 ). East of the Hunter Mountain fault zone, the batholith is rimmed by a fine-to medium-grained monzogabbro phase dated at 175 Ma (U/Pb zircon, G. Dunne and J.D. Walker, 1997, oral commun.; Fig. 10 ; Table 3 ). The outermost rind of the batholith, best developed on the southeastern margin, is a third phase consisting of coarse leucomonzogabbro, dated at 178-180 Ma ( 40 Ar/ 39 Ar biotite, J.F. Sutter, 1997, oral commun.; U/Pb baddeleyite, this report; Fig.  10 ; Table 3 ). The phase along the southeastern margin is most similar to the distinctive texture and modal mineralogy of the Eagle Mountain clasts, including porphyritic texture; plagioclase phenocrysts in the 4-8 mm range; fine-grained groundmass composed mainly of (secondary?) potassium feldspar with minor quartz; clustered mafic phases that include clinopyroxene, biotite, and olivine; and monzogabbroic modal mineralogy. Clasts of this type are abundant in Holocene fan deposits along the eastern margin of the batholith, and are indistinguishable from the clasts in the Eagle Mountain Formation (cf. Fig. 6 , E and F).
The batholith is surrounded by a 1-2-kmwide contact aureole of fine-to coarse-grained marble and calc-silicate hornfels, which grade laterally away from the batholith into unmetamorphosed strata ranging in age from Ordovician to Permian. Paleozoic strata widely exposed along the northern and eastern margins of the batholith include white orthoquartzite (Eureka Quartzite) and the Permian Owens Valley Group, which is rich in fusulinid grainstone.
The combination of (1) gabbro clasts found in the Tertiary sections; (2) a wide, largely carbonate contact aureole; (3) Ordovician through Permian miogeoclinal strata as country rock, including fusulinid grainstones; and (4) the absence of the Neoproterozoic clastic wedge, is unique to the eastern margin of the Hunter Mountain batholith in the southern Cottonwood Mountains. This area thus appears to be the only tenable exposed source area for the clast assemblage in the upper part of the Eagle Mountain Formation in the Resting Spring Range, and for a large component of clast types in the upper part of the section at Eagle Mountain (Table 2 ).
An alternative source terrain could be a hypothetical region closer to Eagle Mountain that has simply been buried under the modern valleys. Such a hypothetical terrain is difficult to rule out absolutely, but such an occurrence seems unlikely. The leucomonzogabbroic mineralogy of the Hunter Mountain batholith is distinctive, as compared to the more typical modes in the region, which are rich in quartz and potassium feldspar, and rarely contain the combination of clinopyroxene, biotite, and olivine as mafic phases. If another intrusion with mineralogy similar to the Hunter Mountain batholith existed in the Death Valley area, it would also have to share the same crystallization age, as discussed below. The intrusion would also have to share a drainage basin with abundant fusulinid grainstones. These grainstones are only abundant in Permian strata, which are omitted by the basal Tertiary unconformity in all ranges between the Panamint and Spring Mountains.
Geochronologic Evidence
The interpretation that the leucomonzogabbro clasts at Eagle Mountain and in the Resting Spring Range are from the Hunter Mountain batholith is consistent with U/Pb geochronology of the clasts and the batholith. One clast from Eagle Mountain (LMG-EM, Table 4 ), one clast from the Resting Spring Range (LMG-CV), and one bedrock sample from the eastern margin of the batholith in Cottonwood Canyon (LMG-CC, Fig. 10 ) were collected for U/Pb analysis. Sample location coordinates and analytical data are presented in Table 4 and Figure 11 ; analytical methods are described in Appendix 2.
The three analyses are internally concordant and appear to define a lead-loss trajectory, with discordance increasing with uranium concentration ( Fig. 11; Table 4 ). We therefore interpret the discordance to be the result of minor lead loss due to metamictization. Although inheritance could also lead to the discordance, inheritance of baddeleyite is rare, due to its paucity in most crustal rocks. Discordance due to a prolonged thermal history is unlikely, because the U/Pb ages are similar to 40 Ar/ 39 Ar ages from the leucomonzogabbroic phase (Fig. 10) . We interpret the data to indicate a crystallization of the leucomonzogabbroic phase of the Hunter Mountain batholith, and of both leucomonzogabbro clasts, ca. 180 Ma.
40
Ar/ 39 Ar ages were determined on potassium feldspar grains from an ϳ2 m-thick tephra in the Eagle Mountain Formation in the Resting Spring Range (sample 1893; Tables DR11ϪDR13; see footnote 1). The tephra is parallel laminated throughout (Fig. 6D) and shows no evidence of reworking. In thin sec- (Chen and Tilton, 1991) . Uncertainties in 206 Pb*/ 238 U and 207 Pb*/ 206 Pb* given as (Ϯ) of last two digits. † Fractions analyzed were separated on a Franz Isodynamic Separator at a side/front slope of 2/20 at 1.7 amps. Samples were handpicked to 99.9% purity prior to dissolution. Dissolution and chemical extraction techniques modified from Krogh (1973) . § Decay constants used in age calculations: 238 U ϭ 1.55125 ϫ 10 -10 , 235 U ϭ 9.8485 ϫ 10 -10 (Jaffey et al., 1971) . 238 U/ 235 U atomic ϭ 137.88. Uncertainties calculated by quadratic sum of total derivatives of 238 U and 206 Pb* concentration and 207 Pb*/ 206 Pb* equations with error differentials defined as (1) isotopic ratio determinations from standard errors ( ) of mass spectrometer runs plus uncertainties in fractionation corrections based on multiple runs of NBS 981, 982, 983, and U500 standards; (2) /͙n spike concentrations from range of deviations in multiple calibrations with normal solutions; (3) spike compositions from external precisions of multiple isotope ratio determinations; (4) uncertainty in natural 238 U/ 235 U from Chen and Wasserburg (1981) ; and (5) nonradiogenic Pb isotopic compositions from uncertainties in isotope ratio determinations of blank Pb and uncertainties in composition of initial Pb from references given above. tion, ash fragments are angular and include cuspate L-and C-shaped grains. Two feldspar grain populations were separated, one largely transparent, the other translucent (samples A and B, respectively), and four laser-fusion analyses were performed on each. As is typical of many of the sampled ash beds in the Eagle Mountain Formation, the ages in sample B are spread relatively evenly between the mid-Tertiary and Middle Jurassic (38-170 Ma), but the ages from sample A are well clustered between 163 and 168 Ma (Fig. 12) .
We interpret these ages as indicating that the feldspar grains were entrained by ascending Miocene magma as it passed through late Middle Jurassic plutonic or volcanic rock. Because the depositional age of the tephra is middle Miocene, possible source regions for the tephra are presumably restricted to where middle Miocene and Middle Jurassic magmatic centers coincide. Middle Jurassic plutons and volcanic rocks are not found in the eastern Death Valley region, but occur in a semicontinuous belt to the west and north of Death Valley (Saleeby and Busby-Spera, 1992) . Although middle Miocene volcanism is well developed in the Nevada Test Site region, it does not coincide with the known belt of Jurassic magmatism. The closest possible source region for the tephra is in the southernmost Panamint Range. However, middle Miocene volcanism overlaps the Jurassic magmatic belt throughout much of the Mojave Desert region. Tephras that are a few meters thick can be many tens of kilometers from the source. Therefore, although suggestive of proximity to the Jurassic arc well to the west of Eagle Mountain, the Jurassic xenocryst population does not provide a precise constraint on the position of the Eagle Mountain Formation at the time of eruption.
DISCUSSION
Sedimentary versus Tectonic Transport
Our interpretations of (1) a middle Miocene depositional age, (2) a predominantly alluvial fan depositional environment, and (3) a southern Cottonwood Mountains source region for much of the detritus in the lower portion of unit Te2 at Eagle Mountain, and nearly all of unit Te2 in the Resting Spring Range, impose severe constraints on the position of the Resting Spring Range and Eagle Mountain with respect to the southern Cottonwood Mountains in middle Miocene time. Empirical observations of modern alluvial fans, including their restricted radial length, exponential downstream fining of maximum clast size, and the ratio of drainage area to fan area, suggest that sedimentary transport of more than about ϳ20 km from source is unlikely. The lack of dilution from other sources of sand through boulder-sized detritus in unit Te2 in the Resting Spring Range would be especially fortuitous given the present distance from source. We therefore infer that much of the transport of the lower unit Te2 gravels away from source was tectonic.
Paleocurrent data suggest a more precise positioning of depocenter and source. Most modern alluvial fans have radii Ͻ10 km, and radii Ͼ20 km are virtually unknown. Studies of the depositional mechanisms on fans suggest that these processes are largely ineffective at creating fan radii that exceed 10 km (e.g., Anstey, 1965 Anstey, , 1966 Blair and McPherson, 1994) . Clasts larger than 1-2 m in diameter are uncommon more than 10 km from their source and are relatively uncommon even where found close to the source (Beaty, 1989) . Downstream-fining data from modern fans compiled by Rust and Koster (1984) and Smith (1987) show that clasts with mean diameters larger than 50 cm are rarely deposited more than 10 km from source, and diameters Ͼ1 m are rarely transported more than 5 km. Brierly et al. (1993) found that most clasts larger than 1 m were deposited within 3 km of the source. For the largest fans, the drainage area above the fan apex is roughly the same as the area of the fan, and the distance upstream from the apex to the drainage divide is generally of the same order as fan radius (e.g., Denny, 1965) . Given these considerations, the Eagle Mountain fan deposits probably were just east of the southern Cottonwood Mountains during middle Miocene time (Fig. 13) . The evidence for north-northeastward paleoslope in the alluvial fan deposits that compose the lower portion of unit Te2 at on March 22, 2010 gsabulletin.gsapubs.org Downloaded from NIEMI et al. Eagle Mountain may suggest that a position northeast of the batholith is more likely than a position to the east or southeast. However, the precise dimensions of the ancient fan and the trajectory of streams draining the source region are unknown, so we regard a position anywhere within about 10-20 km of the eastern margin of the batholith as tenable.
As indicated by the downstream-fining data of Smith (1987) , a large river system could conceivably transport meter-sized clasts many tens of kilometers from its source. The general lack of environmental indicators of fluvial deposition in the lower part of unit Te2 notwithstanding, it is difficult to envisage a drainage system 100 km long that would consistently deliver coarse detritus from the southern Cottonwood Mountains to the Resting Spring Range without contamination from other parts of the drainage system. This lack of contamination applies to the clast composition of the gravels and to the angular, plagioclase-rich arkosic wackes (Fig. 6B) , both of which would be diluted by mixing with source terrains that did not include the coarse monzogabbro after only small amounts of downstream transport.
Implications for Tectonic Reconstructions
The proximity of the Cottonwood Mountains to the Resting Spring Range and Eagle Mountain ca. 12 Ma has a number of tectonic implications for the development of the central Basin and Range. It is consistent with previous reconstructions suggesting large-magnitude extension between the Panamint and Resting Spring Ranges based on correlation of pre-Tertiary features in the region (Stewart, 1983; Snow and Wernicke, 1989; Snow, 1992) and reconstructions of Tertiary basins immediately to the south (McKenna and Hodges, 1990; Topping, 1993; Davis et al., 1993) .
Structural correlations of Wernicke et al. ( , 1993 suggest juxtaposition of exposures of the Chicago Pass and related thrusts in the northern Nopah Range, where Cambrian strata are thrust over Carboniferous ( Fig. 1 ; point D1, Fig. 13) , with the corresponding stratigraphic cutoff by the Panamint thrust fault in the Tucki Mountain area (Fig. 13,  point D2) . In Figure 13 , the cutoff along the Panamint thrust that matches point D1 must be restored northwestward to take into account extension apparent in the bedrock geology between Tucki Mountain and the southern Cottonwood Mountains, limiting the cutoff to a position between points D2 and D3 . The restored position of the PanamintϪChicago Valley thrust relative to the southern Cottonwood Mountains is near the center of the region of uncertainty defined by the reconstruction of the Eagle Mountain Formation, in close accord with the previous structural correlations.
The ϳ100 km of post-middle Miocene separation of the Cottonwood Mountains and the Resting Spring Range leads to two testable hypotheses: (1) correlatives of the Eagle Mountain Formation may be present in the intervening area, which includes the Greenwater Range and the Black Mountains; and (2) the Greenwater Range and Black Mountains should contain a record of late Miocene (ca. 11Ϫ5 Ma) large-scale extensional tectonism, if it is assumed that the northwestward motion of the Panamint and Cottonwood Mountains occurred at a relatively constant velocity. These two hypotheses are evaluated here.
Regional Correlation of Miocene Stratigraphy
Middle Miocene strata are widespread in the Death Valley region, and on a palinspastic base occur in two major depocenters, one to the north of the Resting Spring Range and another to the south. To the north, middle Miocene sections are dominated by thick pyroclastic successions from the southwestern Nevada volcanic field in the Nevada Test Site area (Byers et al., 1976) . Silicic tuffs range in age from 15.3 Ma (Redrock Valley Tuff) to 11.5 Ma (Timber Mountain Group) and have an aggregate thickness of several thousand meters (Frizzell and Shulters, 1990; Sawyer et al., 1994) . The southwestern Nevada volcanic field developed at roughly the same time as rapid extension migrated westward across the region (Hoisch et al., 1997) . To the south, ϳ3000 m of predominantly alluvial fan and lacustrine strata ranging in age from ca. 13 to 11 Ma compose the lower part of the Shadow Valley basin (Davis et al., 1993; Friedmann, 1999) . The Shadow Valley basin appears to have developed in response to the onset of detachment faulting and tilting in the Kingston Range and areas to the south (Davis et al., 1993; Fowler et al., 1995; Freidman, 1999; Fowler and Calzia, 1999) .
In the area between these depocenters, the middle Miocene is represented by relatively thin, predominantly epiclastic strata exposed along a northwest-trending axis extending from the central Resting Spring Range to the southern Cottonwood Mountains (Fig. 1) . The four principal exposures include the two areas described in this report, the lower part of the Artist Drive Formation as defined by McAllister (1970 McAllister ( , 1973 in the Ryan Mine area (Cemen et al., 1985; Cemen and Wright, 1988; Wright et al., 1999) , and the Entrance Narrows Member of the Navadu Formation in the central Cottonwood Mountains (Snow and Lux, 1999; Figs. 1 and 2) . All of these successions appear to be quite similar in thickness, lithostratigraphy, and provenance. They contrast strongly with the middle Miocene deposits to the north and south in that they are much thinner, contain far less volcanic and volcanogenic material, and share a source region that includes the southern Cottonwood Mountains (Snow and Lux, 1999; Wright et al., 1999; this report) . These successions may therefore represent an originally small, independent basin or set of basins.
Lithostratigraphy, clast composition of conglomerates, paleoslope indicators, and age of the Eagle Mountain Formation at the type locality and the lower part of the Artist Drive Formation at Ryan are all quite similar (Figs. 2 and 14) . Both sections (1) unconformably overlie the Bonanza King Formation; (2) have a basal monolithic conglomerate or breccia composed of the Bonanza King Formation, giving way upward to siltstone; (3) are predominantly yellowish-brown to grayish-orangeϪweathering arkosic sandstones and siltstones with calcareous cement and thin limestone interbeds; and (4) contain conglomerates composed predominantly of Eocambrian and Cambrian miogeoclinal strata mixed with clasts derived from the southern Cottonwood Mountains . Clastimbrication data from gravels in the lower part of the section at Ryan indicate a northward paleoslope (Fig. 4 of Cemen and Wright, 1988, p. 83) , similar to the lower part of unit Te2 in the Eagle Mountain section. Crossstratified sands above the conglomerate contain north-dipping cross-laminae (preliminary data from Wright et al., 1999, p. 103, and their Fig. 9) , also in accord with our observations in the lower part of unit Te2. Tephras at the base of the section at Ryan yielded K-Ar ages of 13.7 Ϯ 0.4 Ma and 12.7 Ϯ 0.4 Ma (Cemen et al., 1985) , well within error of the 13.4 Ϯ 0.5 Ma 40 Ar/ 39 Ar isochron age from ash in the lower part of the section at Eagle Mountain (Fig. 14) . An ash-flow tuff unconformably overlying the clastic section at Ryan yielded a K-Ar age of 10.6 Ϯ 0.2 Ma (Cemen et al., 1985) , consistent with the 11.6 Ϯ 0.3 Ma 40 Ar/ 39 Ar isochron age from the uppermost part of the section at Eagle Mountain (Fig. 14) .
On the basis of these similarities, we follow Wright et al. (1999) and correlate the Eagle Mountain Formation with the pre-10.6 Ma siliciclastic section at Ryan (unit Trs1 of Greene, 1997 ; lower sedimentary member of the Artist Drive Formation of McAllister, 1970) . We note, however, that this section is clearly older than the oldest known strata in the type section of the Artist Drive Formation in the northern Black Mountains, which are probably younger than 8.4 Ϯ 0.4 Ma (Greene, 1997) . On this basis, Greene (1997) informally proposed the name Ryan Formation for both the Eagle Mountain correlatives near Ryan and volcanic units that unconformably overlie it. Wright et al. (1999) proposed that the section at Ryan constitute a reference section of the Artist Drive Formation, partly on the basis of correlation between lowest type Artist Drive (unit Ta1 of Greene, 1997) and the section at Ryan (unit Trs1 of Greene, 1997) . As noted by both Greene (1997) and Wright et al. (1999) , this correlation is tentative and awaits further geochronological work. We concur in comparison, the correlation of the preϪ10.6 Ma strata at Ryan with the type Eagle Mountain is now firm. We therefore designate the prevolcanic strata at Ryan as Eagle Mountain Formation, and restrict the Artist Drive designation to the volcanic-rich, postϪ10.6 Ma section in both areas.
This nomenclature allows unit Ta1 in the northern Black Mountains to eventually be assigned to either the Artist Drive Formation or Eagle Mountain Formation, depending on age. It also recognizes both the onset of volcanism in the central Death Valley region, and the ϳ15Њ angular unconformity between Eagle Mountain correlatives and the ca. 10.6 Ma ash-flow tuff (basal upper Miocene) at Ryan as a formational boundary (Greene, 1997, Plate 1; McAllister, 1970) .
In the Cottonwood Mountains, the Entrance Narrows Member of the Navadu Formation is composed predominantly of pale yellowishbrown (10YR 7/2), grayish-orangeϪweathering (10YR 8/4) conglomerate with local thin interbeds of arkosic wacke, 50%-80% of the clasts being derived from the Hunter Mountain batholith ( Fig. 2 ; Snow and Lux, 1999 Ar sanidine). On the basis of age and provenance we correlate the Entrance Narrows Member of the Navadu Formation with the upper part of the Eagle Mountain Formation. On the basis of their current physical separation, contrasting lithostratigraphy, and the possibility that the Navadu Formation may have been deposited in a separate basin, we suggest that the Navadu nomenclature be retained for sections now to the west of Death Valley.
The compositions of the conglomerates in the Entrance Narrows Member, now positioned just north of the Hunter Mountain pluton in Marble Canyon, are similar to those in the upper part of the Eagle Mountain Formation in the Resting Spring Range, which was derived almost exclusively from a Cottonwood Mountains source (Table 2 ). In contrast, unit Te2 of the type Eagle Mountain and the middle Miocene conglomerates at Ryan are predominantly from an EocambrianϪCambrian source (Table 2) . We speculate that the Entrance Narrows represents a proximal on March 22, 2010 gsabulletin.gsapubs.org Downloaded from NIEMI et al. (western or southern) facies of an alluvial fan system that fed eastward or northward into a lake. Early in the system's history, the three sections now east of Death Valley, all of which were deposited on a Cambrian substrate, were fed by a drainage area to the south underlain by EocambrianϪCambrian strata. As the system matured, the relatively proximal Entrance Narrows and Resting Springs Range sections were fed exclusively by an expanding Cottonwood Mountains source, while the more distal-type Eagle Mountain and Ryan sections retained a southerly EocambrianϪCambrian source that became well mixed with a component of the Cottonwood Mountains source.
Implications for the Furnace Creek Basin
The Furnace Creek basin (Cemen et al., 1985) has been defined as an ϳ50-km-long middle to late Miocene (ca. 14-6 Ma) depositional trough occupying the northern Black Mountains and the northern Greenwater Range (Cemen et al., 1985; Wright et al., 1999) . It is delimited on the northeast by the Furnace Creek fault zone and on the west by the central Death Valley fault zone. The Furnace Creek basinal deposits interfinger southward with predominantly upper Miocene (ca. 10.5-5.0 Ma) volcanic strata of the central Death Valley volcanic field ( Fig. 15 ; Wright et al., 1991 Wright et al., , 1999 Greene, 1997) .
Translation of the Cottonwood Mountains ϳ100 km northwestward away from the Resting Spring Range after 11-12 Ma implies that the area now occupied by the Furnace Creek basin was a locus of extreme extension after that time. However, Cemen et al. (1985) , Cemen and Wright (1988) , and Wright et al. (1991 Wright et al. ( , 1999 hypothesized that deposition occurred more or less conformably throughout the preserved extent of the basin between 14 and 6 Ma, and so regard the basin as a longlived, areally extensive depocenter. Cemen et al. (1985, p.129) suggested that because the northern Black Mountains and Greenwater Range ''are now extensively underlain by an autochthonous sedimentary and volcanic cover, of which the formations of the Furnace Creek Basin are a part. . . most of the movement on the Furnace Creek segment of the [Furnace Creek] fault zone would predate the oldest basinal units.' ' Cemen et al. (1985) and Wright et al. (1999) favored an interpretation where northwestward translation of the basin following the onset of deposition ca. 14 Ma was no more than 10 km (Cemen et al., 1985, p. 129) , and noted that this interpretation was incompatible with translation of the Panamint Range and Cottonwood Mountains northeastward away from the Resting Spring Range and Funeral Mountains in the interval 11-5 Ma (Cemen et al., 1985, p. 128-129; Wright et al., 1999, p. 88) .
In contrast, Snow and Lux (1999) interpreted the Furnace Creek basin as a synextensional to late extensional basin, the development of which was largely controlled by northwestward translation of the Cottonwood Mountains away from the Resting Spring Range between 11 and 5 Ma. Our interpretation of a proximal source in the southern Cottonwood Mountains for the Eagle Mountain Formation in the Resting Spring Range, as well as mapping by Greene (1997) , support the Furnace Creek basin evolution model of Snow and Lux (1999) , and refine the timing and mode of basin subsidence.
Evidence Favoring Significant Late Miocene Extension
A synextensional to late extensional origin for the Furnace Creek basin is suggested by (1) sparse preservation of middle Miocene units relative to upper Miocene units; (2) an angular unconformity between middle Miocene and younger units; (3) angular unconformities and growth-fault relations within the upper Miocene units; (4) truncation of the growth-faulted basin downward against a detachment fault; and (5) late Miocene unroofing ages of the subdetachment metamorphic infrastructure.
Following Greene (1997) , we leave open the possibility that the depositional age of the oldest Tertiary unit exposed in the northern Black Mountains (unit Ta1) is ca. 8 Ma (Fig.  14) . For example, unit Ta1 could be correlative with postϪ10.6 Ma yellowish-brown sandstones and conglomerates at Ryan (unit Trs3 of Greene, 1997) . If so, then the only exposure of middle Miocene strata between Eagle Mountain and the southern Cottonwood Mountains is the section at Ryan, and possibly one additional small exposure ϳ5 km southeast of Ryan, previously mapped as lower Artist Drive Formation (unit Tal of McAllister, 1973) . Thus, middle Miocene strata may not be coextensive with more widely exposed late upper Miocene (ca. 6-5 Ma) units that define the areal extent of the basin. A possible reason that the Eagle Mountain Formation is not coextensive with the Artist Drive Formation is that the Eagle Mountain strata may have been strongly extended in earliest late Miocene time . This inference is consistent with map relations at Ryan, indicating a 15Њ angular unconformity between Eagle Mountain strata and the overlying 10.6 Ma ash-flow tuff (Greene, 1997) . These strata are, in turn, in ϳ25Њ angular unconformity below ca. 4 Ma basalts (McAllister, 1970) . These relations suggest that the Eagle Mountain Formation at Ryan was already a tilted fault block in earliest late Miocene time, and that tilting continued through the late Miocene (Snow and Lux, 1999) .
The upper Miocene units of the Furnace Creek basin include the Artist Drive Formation (as defined below) in the Greenwater Range, and the Artist Drive and Furnace Creek Formations in the northern Black Mountains (Fig. 15) . The oldest units of the Artist Drive Formation are of relatively constant thickness, and show no clear evidence of growth-fault relations ( Fig. 15 ; units Ta1ϪTa6 of Greene, 1997) . Units within the middle part of the Artist Drive Formation ( Fig. 15 ; units Ta7ϪTa13), however, thicken dramatically toward the southeast (Figs. 14 and 15) , and appear to have been deposited rapidly between ca. 7 and 6 Ma (Fig. 14) . In addition to the southward thickening of these units, the map pattern in Figure 15 shows four prominent repetitions of the section, expressed by the geometry of marker unit Ta7, offset along three normal faults, each with map-view separations of 0.5-1.0 km. These imbricated normal faults and fault blocks are truncated by Artist Drive units Ta14ϪTa30. We interpret units Ta1ϪTa6 as being deposited during the early stages of an episode of extension of the basinal sediments, units Ta7ϪTa13 as being deposited during extension and fragmentation of the basin, and units Ta14ϪTa30 and the Furnace Creek Formation as late rift deposits that have undergone relatively little extensional fragmentation.
The thickest sections of the synextensional portions of the Artist Drive Formation (section GϪGЈ, Fig. 14) are ϳ1500 m thick, and are truncated downward against the Badwater turtleback fault, part of a major low-angle normal fault that served to unroof an amphibolite facies metamorphic complex in middle (?) and late Miocene time (ca. 15-5 Ma; Holm and Wernicke, 1990; Holm et al., 1992; Holm and Dokka, 1993) . The thick GϪGЈ section in the Black Mountains markedly contrasts with nearby age-equivalent strata at Ryan, which are ϳ200 m thick (Fig. 14) . Thus, a splay of the detachment that defined the growth basin apparently was somewhere near or along the trace of the Grandview fault, which separates the Ryan Mine area and northern Black Mountains sections (Fig. 15) . 
Interpretation
In interpreting the tectonic setting of the Furnace Creek basin, Wright et al. (1991 Wright et al. ( , 1999 emphasized the apparent conformity of Eagle Mountain and Artist Drive strata from 14 to 6 Ma as problematic for models requiring major extension in the area at that time. Notwithstanding the angular unconformities and other features described here, we point out that thick, conformable sedimentation is normal in fault-proximal extensional basins during extension (e.g., Fig. 15 in Wernicke and Burchfiel, 1982; Snow and Lux, 1999 ). Hence we do not consider the criterion of conformability or near conformability of middle and upper Miocene strata as diagnostic of the tectonic context of the Furnace Creek basin.
Rather, following Snow and Lux (1999) , we interpret these structural and stratigraphic relations to indicate that the Furnace Creek basin is a rather striking example of a supradetachment basin (see review in Friedmann and Burbank, 1995) , and see little evidence in support of the hypothesis that it represents an area of tectonic quiescence in the interval 14-6 Ma.
We concur with other workers (Snow and Lux, 1999; Wright et al., 1999; Fig. 13 in Cemen et al., 1999) that, prior to Eagle Mountain deposition, the substrate of the basin was an extension-generated, erosional upland cut mainly on Cambrian strata. In early Miocene time, this upland shed detritus northward and westward onto a lowland comprising what are now the Cottonwood and Funeral Mountains, floored mainly by middle and upper Paleozoic strata. We believe that one of the structures responsible for the upland is the Tucki Wash normal fault, as described by Wernicke et al. (1993, p. 463-466) .
We interpret deposition of the Eagle Mountain Formation as heralding the onset of rapid extension in the region ca. 15 Ma, which inverted the upland into a shallow early rift basin. Initial deposition of the Artist Drive Formation occurred after significant tilting and fragmentation of the Eagle Mountain strata into at least three fault blocks (Resting Spring Range, Eagle Mountain, and the northern Greenwater Range) as early as 10.6 Ma.
As the basin widened and grew westward away from the Resting Spring Range and Funeral Mountains from ca. 11 to 7 Ma, supradetachment Artist Drive deposition was for the most part conformable. From ca. 7 to 6 Ma, however, western parts of the basin internally fragmented above a shoaling detachment, imbricating units Ta1ϪTa7. After 5 Ma, limited slip may have continued along the detachment (e.g., Holm et al., 1994) , but relatively intact, widespread sediments of the Furnace Creek and Funeral Formations and the cooling ages in the footwall metamorphic complex suggest that the most active segment of the detachment lay to the west.
The topographic depression created by the detachment was locally filled with as much as 2500 m of late tectonic strata from ca. 6 to 4 Ma, including units Ta14ϪTa30 of the Artist Drive Formation and the Furnace Creek and Funeral Formations. Although the age control on these late extensional units is sparse, interfingering relationships of the Furnace Creek Formation southward with the Greenwater Volcanics indicate the age of the lower Furnace Creek Formation is ca. 5.5 Ma ( Fig. 14 ; Greene, 1997) . These units were tilted steeply eastward along the west flank of the range, and eroded as a result of northeast-trending shortening and coeval right-oblique normal slip on faults related to the formation of modern Death Valley from ca. 4-5 Ma to the present (e.g., Holm et al., 1994; Mancktelow and Pavlis, 1994) .
Westward Migration of Tectonism and the Rolling Hinge Model
The interpretation of the development of the Furnace Creek basin described here can be integrated with other data from the region to address the question of the rolling hinge model of extensional tectonism previously hypothesized for the Death Valley region (e.g., Hamilton, 1988 , Wernicke, 1992 Holm et al., 1992; Hoisch et al., 1997; Snow and Lux, 1999) . One of the predictions of the model is that fault block tilting, rather than occurring synchronously as in the case of a toppling set of domino fault blocks, occurs sequentially as individual fault blocks are detached from a migrating headwall and flexurally tilted along with the abandoned fault (e.g., Buck, 1988; Axen and Bartley, 1997) .
Deciphering any patterns in the age of tilting in the region is complicated by the fact that regional northeast-southwest compression may have resulted in steep tilts of Tertiary strata that would be unrelated to the flexural rotation process. For example, the Furnace Creek and Funeral Formations, which we interpret as having been deposited after the Cottonwood Mountains had been translated out of the northern Black Mountains area, were subsequently folded about northwest-trending axes to dips in excess of 60Њ and are overlain by flat-lying 4 Ma basalts (e.g., McAllister, 1970 McAllister, , 1973 Greene, 1997) . The angular unconformity resulting from this folding would therefore be unrelated to any flexural rotation that may have resulted from the passage of a rolling hinge through the area.
With this caveat in mind, we recognize at least three subregions between the Nopah Range and the southern Cottonwood Mountains with contrasting ages of extension-related tilting, including (1) the NopahϪResting Spring Range, (2) the northernmost Black Mountains and Greenwater Range, and (3) the west-central Black Mountains and the Panamint Mountains.
The Eagle Mountain Formation in the Resting Spring Range dips eastward at approximately the same angle as the underlying Cambrian bedrock, and flat-lying to gently dipping ash-flow tuffs with a reported age of 9.6 Ma unconformably overlie steeply tilted Cambrian strata (Wright et al., 1991) . Therefore any flexural rotation of the range would have occurred before 9.6 Ma and after deposition of the Eagle Mountain Formation (11-12 Ma, assuming that the upper part in the Resting Spring Range is time correlative with the upper part at Eagle Mountain).
In the Greenwater Range and northernmost Black Mountains, extension-related tilting appears to have occurred mainly in the interval 9-6 Ma. Volcanic strata assigned to the Shoshone Volcanics, which range in age from ca. 7 to 8 Ma, show internal growth relations, and are generally overlain in angular unconformity by the Greenwater Volcanics and Funeral Formation basalts, which range in age from 4 to 6 Ma (Wright et al., 1991) . These relations suggest that imbricate normal faulting occurred at about the same time as that observed in the Artist Drive Formation, as discussed in the previous section. These relationships are consistent with an age of 6-8 Ma for the flexural rotation of the Black Mountains based on the exhumation history of the crystalline core (Holm et al., 1992; Holm and Dokka, 1993) .
In the west-central Black Mountains, the 7-3 Ma Copper Canyon Formation, which is tilted ϳ35Њ, is truncated by the turtleback fault surface (Holm et al., 1994) . Along the entire western flank of the Panamint Mountains, the Miocene and Pliocene Nova Formation (ca. 6-3 Ma) is tilted eastward 15Њ-30Њ and is truncated by the Emigrant detachment, suggesting substantial unroofing of the Panamint Mountains in latest Miocene and Pliocene time (Hodges et al., 1989; Snow and Lux, 1999) .
These timing constraints indicate that tilting is of middle Miocene age in the Resting Spring Range, late Miocene age in the Green- water Range, and late MioceneϪPliocene age in the westernmost Black and Panamint Mountains, broadly consistent with a rolling hinge mechanism progressing from east to west (e.g., Snow and Lux, 1999) . The total amount of motion of ϳ100 km since 11-12 Ma yields an average displacement rate of 9 mm/yr. The contemporary rate of motion of the Cottonwood Mountains with respect to the eastern Death Valley region is Ͻ5 mm/yr (Bennett et al., 1997) . Depending on how far back in time this rate is extrapolated, the earlier average rate becomes higher. For example, if an average maximum rate of 5 mm/yr corresponds to the development of the modern Death Valley fault zone since 5 Ma (25 km of total motion), then the average rate from 11 to 5 Ma would have been 12.5 mm/yr.
CONCLUSIONS
The middle Miocene Eagle Mountain Formation was mainly deposited on a northerly or northeasterly sloping portion of an alluvial fan, the source region of which included the southern Cottonwood Mountains. 40 Ar/ 39 Ar geochronology indicates that the Eagle Mountain Formation is older than most or all of the type Artist Drive Formation, which we herein restrict to upper Miocene strata. We interpret the Eagle Mountain Formation to be a preextensional to early extensional deposit, the current outcrop distribution of which is the result of the tectonic dismemberment of its original relatively limited areal extent.
Transport of coarse fan gravels in the lower part of the Eagle Mountain section via sedimentary processes was unlikely to have exceeded 20 km. Because the paleoslope direction of the fan is orthogonal to the transport direction, the amount of tectonic motion is insensitive to the hypothesized fan radius. If the Resting Spring Range section originally occupied a position 10-20 km north-northeast of the eastern margin of the southern Cottonwoods source region, most or all of the current separation between the eastern flank of the southern Cottonwood Mountains and the section in the Resting Spring Range (ϳ104 km, oriented N67ЊW) is tectonic.
This conclusion is consistent with previous reconstructions based on isopachs and structural markers, and with the timing and amount of offset of Tertiary basins in the southern Death Valley region. In addition, it indicates that the two ranges were adjacent to one another until 11-12 Ma. The locus of extension traced a path from the southeast to the northwest at an average rate of ϳ9 mm/yr, which, in light of the much slower rate of contemporary deformation, was probably substantially higher during the early phases of displacement. Tables A1-A3 contain measured sections of 
APPENDIX 1. MEASURED SECTIONS
Ar Geochronology
Sanidine was separated by standard magnetic and density methods and then hand-picked for maximum purity. The purity of separates was verified by electron probe microanalysis of representative grains mounted in epoxy using the JEOL 733 electron microprobe at the California Institute of Technology (Tables DR4, DR7 , and DR10; see footnote 1). Separates were washed in water, acetone, and ethanol prior to packaging in individual aluminum foil packets for irradiation.
Separates were irradiated at the McMaster University reactor facility with Cd shielding. Corrections for interfering reactions on Ca, K, and Cl were based on analyses of CaF 2 , K 2 SO 4 , and KCl included in the irradiation package. Fast neutron flux was monitored by using FC-1 sanidine from the Fish Canyon Tuff (27.84 Ma for samples analyzed prior to January 1996, including 1893A and 1893B, Cebula et al., 1986; 27.95 Ma for samples analyzed after January 1996, including EM-0, EM-4, 1593 , B. Olszewski, 1997 .
Irradiated samples were analyzed at the Cambridge Laboratory for Argon Isotopic Research (CLAIR) at the Massachusetts Institute of Technology by both laser-fusion and resistance-furnace gas extraction systems coupled to a MAP 215-50 mass spectrometer. Laboratory procedures are discussed in Hodges et al. (1994) .
U/Pb Geochronology
Baddeleyite was separated from ϳ15 kg of crushate by standard density and magnetic separation techniques. Dissolution and chemical extraction was performed at the California Institute of Technology using techniques similar to those described by Krogh (1973) . Mass spectrometry was performed on a VG Sector multicollector instrument at the California Institute of Technology. Pb and U were run on outgassed Re single filaments with silica gel and graphite loads, respectively. A more detailed discussion of laboratory procedures is presented in Saleeby et al. (1989) .
